Stability of the maximum density droplet in quantum dots at high
  magnetic fields by Oosterkamp, T. H. et al.
5|@M*|) Lu |i 4@ 44 _i?t|) _hLT*i| ? ^@?|4 _L|t @| } 4@}?i|U i*_t
W1K1 Rrvwhundps4/ M1Z1 Mdqvvhq4/ O1S1 Nrxzhqkryhq4/ G1J1 Dxvwlqj5/ W1 Krqgd5 dqg V1 Wduxfkd5>61
#iT@h|4i?| Lu TT*i_ )tUt @?_ #W,5c #i*u| N?iht|) Lu
AiU?L*L})c  L DfeSc 2Sff B #i*u|c Ai i|ih*@?_t
2 AA @tU +iti@hU w@MLh@|Lhitc c Lh?LtL|L `@!@4)@c
|t}tc k@?@}@@ 2efc a@T@?
 AL!)L N?iht|)c .22 +LTTL?}c ?@|L!c AL!)L fSc a@T@?
E5G .2f# c .eDB4c .efO4
i` @i 4i@thi_ i*iU|hL? |h@?tTLh| |hL} @ ih|U@*
^@?|4 _L| UL?|@??} @ |?@M*i ?4Mih Lu i*iU|hL?t Mi
|ii? f @?_ ef ih tL4i hi}L? ? 4@}?i|U i*_ |i
i*iU|hL?t @hi tT? TL*@h3i_ @?_ LUUT) tUUitti @?}*@h
4L4i?|4 t|@|itc i |i 4@ 44 _i?t|) _hLT*i| E##
t|@|i Ai t|@M*|) hi}L? ihi |i ## t|@|i t |i }hL?_
t|@|ic _iUhi@tit uLh ?Uhi@t?} i*iU|hL? ?4Mih Ai ?t|@M*
|) Lu |i ## t @UUL4T@?i_ M) @ hi_t|hM|L? Lu U@h}i
U ?Uhi@tit |i @hi@ Lu |i i*iU|hL? _hLT*i|
Txdqwxp grwv duh vpdoo vhplfrqgxfwru ghylfhv frq0
wdlqlqj d wxqdeoh qxpehu ri hohfwurqv wkdw rffxs| glv0
fuhwh txdqwxp vwdwhv1 Wkhlu surshuwlhv frpelqh uhpdun0
deoh vlplodulwlhv wr dwrpv zlwk wkh h{lelolw| wr vwxg|
wkh hqhuj| vshfwud iru glhuhqw vkdshv dqg vl}hv ri wkh
frqqhphqw srwhqwldo ^4/5`1 Wkh hohfwurq ruelwv duh vlj0
qlfdqwo| prglhg lq d pdjqhwlf hog ri d ihz Whvod1 Lq
d odujh 5G hohfwurq jdv +5GHJ, wkh vfdoh ri d ihz Whvod
fruuhvsrqgv wr wkh txdqwxp Kdoo uhjlph1 Lq wklv ohwwhu
zh vwxg| txdqwxp grwv lq wkh txdqwxp Kdoo uhjlph dqg
h{sorlw wkh idfw wkdw grwv frqwdlq d wxqdeoh dqg zhoo0
ghqhg qxpehu ri hohfwurqv1 Lq sduwlfxodu/ zh irfxv rq
wkh vslq0srodul}hg/ pd{lpxp0ghqvlw|0gursohw vwdwh wkdw
fruuhvsrqgv wr oolqj idfwru  @ 4 lq d 5GHJ1 Wkh vwd0
elolw| ri wklv vslq0srodul}hg vwdwh lv vhw e| d edodqfh ri
irufhv dfwlqj rq wklv qlwh hohfwurq v|vwhp> qdpho| wkh
lqzdug irufh ri wkh frqqlqj srwhqwldo/ wkh uhsxovlyh irufh
ri wkh gluhfw Frxorpe lqwhudfwlrq ehwzhhq hohfwurqv/ dqg
d elqglqj irufh gxh wr wkh h{fkdqjh lqwhudfwlrq1 E| wxq0
lqj wkh uhodwlyh vwuhqjwkv ri wkhvh irufhv zlwk wkh pdj0
qhwlf hog dqg wkh hohfwurq qxpehu/ zh vwxg| wudqvlwlrqv
zklfk uhfrqvwuxfw wkh fkdujh glvwulexwlrq ri wklv pdq|0
erg| v|vwhp1
Rxu yhuwlfdo txdqwxp grw lv pdgh iurp d grxeoh edu0
ulhu uhvrqdqw wxqqholqj vwuxfwxuh zlwk dq LqJdDv zhoo/
DoJdDv eduulhuv/ dqg q0grshg JdDv vrxufh dqg gudlq
frqwdfwv ^6`1 Wkh khwhurvwuxfwxuh lv surfhvvhg lq wkh
vkdsh ri d vxeplfurq flufxodu sloodu zlwk d gldphwhu ri
3=87 p dqg d vhoi0doljqhg jdwh durxqg lw1 Zh glvfxvv
gdwd wdnhq rq rqh sduwlfxodu ghylfh exw frpsdudeoh uh0
vxowv kdyh ehhq rewdlqhg rq vhyhudo ghylfhv1 D pdjqhwlf
hog/ E/ lv dssolhg sdudooho wr wkh wxqqholqj fxuuhqw +l1h1
shushqglfxodu wr wkh sodqh lq zklfk wkh hohfwurqv duh frq0
qhg,1 Wkh hqhuj| vshfwuxp ri wkh txdqwxp grw lv gh0
ulyhg iurp wudqvsruw h{shulphqwv dw d whpshudwxuh ri
433 pN lq wkh Frxorpe eorfndgh uhjlph1 D vpdoo gf
vrxufh0gudlq yrowdjh/ YVG/ lv dssolhg dqg wkh fxuuhqw/ L/
lv phdvxuhg yhuvxv jdwh yrowdjh/ Yj/ zklfk uhgxfhv wkh
hohfwurq qxpehu/ Q / iurp derxw 73 dw Yj @ 3 wr Q @ 3
dw wkh slqfk0r yrowdjh/ Yj  5 Y1
Iljxuh 4 vkrzv wkh Frxorpe eorfndgh fxuuhqw shdnv
yhuvxv E iru Q @ 3 wr 4;1 Rq lqfuhdvlqj Yj/ fxuuhqw
shdnv duh phdvxuhg iru hyhu| h{wud hohfwurq wkdw hqwhuv
wkh grw1 Iljxuh 4 frqvlvwv ri pdq| vxfk fxuuhqw wudfhv
wkdw kdyh ehhq rvhw krul}rqwdoo| e| d ydoxh fruuhvsrqg0
lqj wr E1 Wkh shdnv duh vhhq wr hyroyh lq sdluv iru
E ? 5 W/ lpso|lqj wkdw hdfk vlqjoh0sduwlfoh vwdwh lv oohg
zlwk wzr hohfwurqv ri rssrvlwh vslq ^7`1 Nlqnv lqglfdwh
furvvlqjv ehwzhhq vlqjoh0sduwlfoh vwdwhv1 Wkh grwwhg olqh
pdunv wkh hyroxwlrq ri wkh E0ydoxh dw zklfk doo hohfwurqv
rffxs| vslq0ghjhqhudwh vwdwhv ehorqjlqj wr wkh orzhvw ru0
elwdo Odqgdx ohyho +l1h1 wklv fruuhvsrqgv wr  @ 5 lq d
5GHJ,1 Dv E lv lqfuhdvhg ixuwkhu lw ehfrphv hqhujhwl0
fdoo| idyrudeoh iru dq hohfwurq wr ls lwv vslq dqg pryh
wr wkh hgjh ri wkh grw +vhh ohiw gldjudp deryh Ilj1 4,1
Vwdwhv dw wkh hgjh kdyh d odujhu dqjxodu prphqwxp dqg
d kljkhu ruelwdo hqhuj|1 Wklv lqfuhdvh lv frpshqvdwhg
e| d jdlq lq h{fkdqjh hqhuj| gxh wr wkh lqfuhdvh lq wkh
wrwdo vslq dqg dovr e| wkh uhgxfwlrq lq gluhfw Frxorpe
hqhuj| vlqfh wkh hohfwurqv duh iduwkhu dsduw diwhu wkh vslq0
ls1 Lq wklv 4 ?  ? 5 uhjlph/ wkh frqqhphqw hqhuj|
idyruv d frpsdfw hohfwurq glvwulexwlrq/ zkloh wkh gluhfw
Frxorpe uhsxovlrq dqg h{fkdqjh hhfwv idyru d glxvh
rffxsdwlrq1 Dv E lv lqfuhdvhg/ wkh frvw lq ruelwdo hq0
huj| ehfrphv vpdoohu dqg rqh e| rqh doo wkh hohfwurqv eh0
frph vslq0srodul}hg1 Iurp h{shulphqwdo ^8` dqg wkhruhw0
lfdo ^9/:` vwxglhv lw kdv ehfrph fohdu wkdw vhoi0frqvlvwhqf|
dqg h{fkdqjh fruuhodwlrq duh hvvhqwldo iru txdqwlwdwlyho|
ghvfulelqj wkhvh vslq0ls surfhvvhv1
Diwhu wkh odvw vslq0ls +oohg flufohv lq Ilj1 4, doo hohf0
wurqv duh vslq0srodul}hg +l1h1 wkh wrwdo vslq V @ Q@5,
dqg wkh oolqj idfwru  @ 41 Khuh/ wkh Q hohfwurqv rf0
fxs| vxffhvvlyh dqjxodu prphqwxp vwdwhv dqg wkh wrwdo
dqjxodu prphqwxp P @ 4
5
Q+Q  4,1 Wklv lv wkh prvw
ghqvh/ vslq0srodul}hg hohfwurq frqjxudwlrq doorzhg e|
wkh dydlodeoh txdqwxp vwdwhv dqg lv wkhuhiruh uhihuuhg wr
dv wkh pd{lpxp ghqvlw| gursohw +PGG, ^;`1 Lwv revhu0
ydwlrq zdv uhylhzhg lq Uhi1 ^4`1 Iru Q @ 5 wkh vslq0
ls fruuhvsrqgv wr d vlqjohw +V @ 3, wr wulsohw +V @ 4,
wudqvlwlrq zkhuh vlpxowdqhrxvo| P fkdqjhv iurp 3 wr 4
^<`1 Dovr/ wkh wudqvlwlrqv lq wkh Q @ 6 wr 9 wudfhv kdyh
4
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ehhq lghqwlhg dv lqfuhdvhv lq V dqg P xqwlo wkh PGG
lv uhdfkhg dw wkh vrolg flufoh lq Ilj1 4 ^43`1 Iru odujhu Q
wkh ehjlqqlqj ri wkh PGG uvw pryhv wr odujhu E dqg
wkhq ehfrphv urxjko| lqghshqghqw ri Q 1
Rqfh doo hohfwurqv duh vslq0srodul}hg +plggoh gldjudp
deryh Ilj1 4,/ wkh uroh ri wkh h{fkdqjh lqwhudfwlrq uh0
yhuvhv1 Wkh frpsdfw PGG vwdwh pd{lpl}hv wkh ryhuods
ehwzhhq wkh vlqjoh0sduwlfoh zdyhixqfwlrqv zklfk duh qrz
rffxslhg e| hohfwurqv zlwk sdudooho vslqv1 Wklv pd{l0
pl}hv wkh jdlq lq h{fkdqjh hqhuj|/ vr wkdw qrz h{fkdqjh
dfwv dv d elqglqj irufh1 Wkh gluhfw Frxorpe lqwhudfwlrq
frqwlqxhv wr idyru d glxvh rffxsdwlrq1 Zkhq E lv lq0
fuhdvhg ixuwkhu wkh dqjxodu prphqwxp vwdwhv vkulqn lq
vl}h vxfk wkdw wkh ghqvlw| ri wkh PGG lqfuhdvhv1 Zh
kdyh slfwxuhg wklv lq wkh uljkw gldjudp deryh Ilj1 4 dv
dq hohfwurq gursohw wkdw grhv qrw vsuhdg rxw ryhu wkh ixoo
dydlodeoh duhd ri wkh frqqlqj srwhqwldo1 Dw vrph wkuhvk0
rog E0ydoxh +rshq flufohv, wkh gluhfw Frxorpe lqwhudfwlrq
kdv ehfrph vr odujh wkdw wkh PGG euhdnv dsduw lqwr d
orzhu ghqvlw| gursohw +OGG,1 Dvvxplqj wkdw wkh gursohw
uhpdlqv vslq0srodul}hg +V @ Q@5, wklv lpsolhv wkdw qr
orqjhu doo vxffhvlyh dqjxodu prphqwxp vwdwhv duh rffx0
slhg dqg wkdwP A 4
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Q+Q4,1 Zkhwkhu wkh xqrffxslhg
dqjxodu prphqwxp vwdwhv duh orfdwhg lq wkh fhqwhu ^;` ru
dw wkh hgjh ^44` +vhh lqvhw wr Ilj1 4, ghshqgv rq wkh uho0
dwlyh vwuhqjwkv ri wkh frqqhphqw/ h{fkdqjh/ dqg gluhfw
Frxorpe lqwhudfwlrqv1 Lw kdv dovr ehhq vxjjhvwhg/ hvsh0
fldoo| zkhq wkh ]hhpdq hqhuj| lv vpdoo/ wkdw wkh PGG
pd| ehfrph xqvwdeoh wrzdugv wkh irupdwlrq ri d vslq0
wh{wxuh ^45`1 Wkh vwdelolw| frqglwlrqv iru wkh PGG vwdwh
+l1h1 wkh E0udqjh ehwzhhq vrolg dqg rshq flufohv, kdyh
ehhq fdofxodwhg lq vhyhudo glhuhqw wkhruhwlfdo dssurdfkhv
^:/;/46`1 Lq rxu vdpsohv wkh gluhfw Frxorpe lqwhudfwlrq lv
vwurqjo| vfuhhqhg e| wkh hohfwurqv lq wkh vrxufh dqg gudlq
frqwdfwv1 Vlqfh doo wkhruhwlfdo zrunv xvh dq xqvfuhhqhg
Frxorpe lqwhudfwlrq lw lv glfxow wr pdnh d txdqwlwdwlyh
frpsdulvrq1 Krzhyhu/ dv zh zloo qrz glvfxvv/ rxu gdwd
lqglfdwhv wkdw wkh PGG lqghhg deuxswo| fkdqjhv lqwr d
gursohw ri odujhu duhd1
Ilj1 5d vkrzv wkh shdn srvlwlrqv yhuvxv E iru odujhu Q 1
Wkh nlqnv lq wkh shdn hyroxwlrq wkdw pdun wkh erxqgdulhv
ri wkh PGG iru vpdoo Q / wxuq lqwr deuxsw vwhsv iru Q z
431 Zlwklq wkh erxqgdulhv ri vrolg dqg rshq flufohv d
qhz wudqvlwlrq vhhpv wr ghyhors iru Q A 481 Wklv pd|
lqglfdwh d qhz hohfwurqlf frqjxudwlrq wkdw olplwv wkh
h{whqw ri wkh uhjlrq zkhuh wkh PGG lv wkh jurxqg vwdwh1
Dovr wklv wudqvlwlrq ehfrphv d vwhs dv Q lv lqfuhdvhg1 Lq
dgglwlrq/ dqrwkhu vwhs/ pdunhg zlwk wkh grwwhg rydo/ fdq
eh glvfhuqhg lq Ilj1 5d1
Ilj1 5e dqg 5f vkrz wkh fxuuhqw yhuvxv Yj +Q @ 5:
wr 64, lq juh|vfdoh iru E0ydoxhv durxqg wkh vwhs dw wkh
hqg ri wkh PGG1 Iru YVG @ 433 Y wkh shdnv duh pxfk
qduurzhu wkdq wkhlu vsdflqjv dqg wkh vwhs zlgwk lv derxw
83 pW1 Dq lqfuhdvhg vrxufh0gudlq yrowdjh YVG @ 633
Y eurdghqv wkh shdnv1 Wkh lpsruwdqw srlqw lv wkdw wkh
shdn zlgwk/ Yj/ lqfuhdvhv e| derxw 43 ( diwhu furvvlqj
wkh vwhs dv lqglfdwhg e| wkh duurzv1 Dw orz whpshudwxuh
Yj @ hYVG/ zkhuh wkh 0idfwru lv urxjko| sursru0
wlrqdo wr wkh lqyhuvh ri wkh duhd ri wkh gursohw ^47`1 Wkh
fkdqjh lq shdn zlgwk lpsolhv wkdw zkloh sdvvlqj wkurxjk
wkh vwhs wkh grw duhd fkdqjhv deuxswo| e| derxw 43 (1
Lw lv fohduo| vhhq lq Ilj1 5f wkdw wkh shdn zlgwk gxu0
lqj wkh vwhs lv derxw wzlfh wkh zlgwk rxwvlgh wkh vwhs
uhjlrq1 Rwkhu vwhsv dovr vkrz wklv ehkdylrxu1 Wr vwxg|
wkh qdwxuh ri wkhvh xqxvxdo vwhsv zh kdyh phdvxuhg wkh
h{flwdwlrq vshfwud1 Ilj1 6 suhvhqwv gL@gYVG lq wkh YVG0
Yj sodqh iru whq E0ydoxhv durxqg d sduwlfxodu vwhs ^48`1
+Lq wklv fdvh wkh vwhs vhsdudwhv wzr OGG uhjlrqv wkdw
kdyh glhuhqw fkdujh glvwulexwlrqv/ krzhyhu wkh vdph eh0
kdylrxu lv irxqg dw doo vwhsv1, Dw wkh orzhvw dqg odujhvw
pdjqhwlf hogv wkh Frxorpe eorfndgh uhjlrqv kdyh wkh
h{shfwhg gldprqg vkdsh1 Wkh gldprqg dw E @ :=7; W lv
derxw 43( vpdoohu lq wkh YVG gluhfwlrq/ lqglfdwlqj wkdw
wkh qhfhvvdu| hqhuj| wr ryhufrph Frxorpe eorfndgh kdv
ghfuhdvhg e|  43(1 Wklv lv djdlq frqvlvwhqw zlwk d
 43( odujhu grw diwhu wkh fkdujh uhglvwulexwlrq1 Wkh
vkdshv ri wkh gldprqgv phdvxuhg iru E ydoxhv gxulqj
wkh vwhs duh vhyhuho| glvwruwhg1 Wkh vl}h ri wkh Frxorpe
eorfndgh uhjlrq froodsvhv khuh wr dv olwwoh dv  73 ( ri
lwv ydoxh rxwvlgh wkh vwhs uhjlrq1 Wklv lv frpsdudeoh wr
wkh shdn eurdghqlqj e| derxw d idfwru ri 5 gxulqj wkh
vwhsv lq Ilj1 5f zkhuh wkh fkdujh glvwulexwlrq fkdqjhg
iurp PGG wr OGG1
Wkh glvwruwhg dqg froodsvlqj Frxorpe eorfndgh uhjlrqv
fdq eh h{sodlqhg e| dvvxplqj glhuhqw fkdujh glvwulex0
wlrqv ^49`1 Lq wkh vwdqgdug prgho iru Frxorpe eorfndgh
wkh wrwdo hqhuj| XPGGQ +Yj, ehorqjlqj wr wkh fkdujh frq0
jxudwlrq ri wkh PGG lv ghvfulehg e| d vhw ri sduderodv
+vrolg sduderodv lq Ilj1 7d,1 D wudqvlwlrq iurpQ wrQ.4
lv srvvleoh deryh d wkuhvkrog yrowdjh YVG wkdw ghshqgv
olqhduo| rq Yj +vrolg olqhv dqg kdwfkhg uhjlrqv lq Ilj1 7e,1
Dw furvvlqjv ehwzhhq dgmdfhqw sduderodv wklv wkuhvkrog
yrowdjh ydqlvkhv1 Wkh ydoxh ri Yj zkhuh wkh furvvlqj eh0
wzhhq wkh Q wk dqg +Q . 4,wk sduderodv rffxuv ghshqgv
rq wkh *rvhw fkdujh* ri wkh PGG vwdwh1 Wkh wrwdo hqhuj|
X
OGG
Q +Yj, iru wkh OGG frqjxudwlrq lv dovr ghvfulehg e|
sduderodv +gdvkhg sduderodv lq Ilj1 7d,1 Krzhyhu/ vlqfh
wkh OGG vwdwh kdv d glhuhqw fkdujh glvwulexwlrq/ lwv r0
vhw fkdujh fdq glhu vljqlfdqwo| iurp wkh PGG vwdwh1
Zkhq E lv fkdqjhg wkh wzr vhwv ri sduderodv fdq ehfrph
frpsdudeoh lq hqhuj| +Ilj1 7f,/ vxfk wkdw dw d sduwlfxodu
Yj0ydoxh +rshq grwv, wkh jurxqg vwdwh ri wkh Q 0hohfwurq
v|vwhp fkdqjhv iurp PGG wr OGG1 Wklv dqg wkh idfw
wkdw wudqvlwlrqv fdq rffxu ehwzhhq glhuhqw fkdujh glv0
wulexwlrqv e| wxqqholqj/ h1j1 iurp XOGGQ wr X
PGG
Q.4 ohdgv
wr pruh frpsoh{ vkdshv ri wkh Frxorpe eorfndgh uhjlrqv
+vhh Ilj1 7f dqg g,1 Wr pdnh d ghwdlohg frpsdulvrq
zlwk wklv prgho zh kdyh uhsorwwhg rqh gdwdvhw iurp Ilj1
6 lq Ilj1 7i, wrjhwkhu zlwk d vfkhpdwlf uhsuhvhqwdwlrq
ri lwv pdlq ihdwxuhv +Ilj1 7h, 1 Wkuhh w|shv ri wudqvl0
wlrqv fdq eh glvwlqjxlvkhg Ilj1 7h,/ zklfk fruuhvsrqg wr
wudqvlwlrqv ehwzhhq wzr vrolg sduderodv +iurp XPGGQ wr
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X
PGG
Q.4 ,/ ehwzhhq wzr gdvkhg sduderodv +iurp X
OGG
Q wr
X
OGG
Q.4 ,/ ru ehwzhhq d gdvkhg dqg d vrolg sduderod +iurp
X
OGG
Q wr X
PGG
Q.4 ,1 Wkh uvw wzr w|shv ri wudqvlwlrqv kdyh
wkh vdph vorshv dv wkh uhjxodu gldprqgv dw wkh orzhvw dqg
kljkhvw E0hogv lq Ilj1 6 dqg duh pdunhg e| vrolg dqg
gdvkhg olqhv lq Ilj1 7h,1 Wkh odwwhu wudqvlwlrq +pdunhg
e| wklq olqhv lq Ilj1 7h, kdv d vorsh wkdw lv pxfk vpdoohu
ehfdxvh wkh fhqwhuv ri wkh sduderodv duh pxfk forvhu wr0
jhwkhu1 Qrwh wkdw zkhq vxfk d wudqvlwlrq lv pdgh +l1h1
gxulqj wkh vwhs lq Ilj1 5e dqg 5f, wkh fxuuhqw lv 5 wr
6 wlphv vpdoohu wkdq zkhq d wudqvlwlrq lv pdgh ehwzhhq
wzr vwdwhv zlwk wkh vdph fkdujh glvwulexwlrq Wklv lpsolhv
wkdw d wudqvlwlrq ehwzhhq h1j1 wkh PGG dqg wkh OGG kdv
d vpdoohu suredelolw| wkdq d wudqvlwlrq ehwzhhq wzr PGG
vwdwhv1 D ghwdlohg frpsdulvrq ri wkh gdwd lq Ilj1 6 zlwk
wklv prgho vkrzv wkdw wkh ghyhorsphqw ri wkh Frxorpe
eorfndgh uhjlrqv dv zhoo dv wkh h{flwhg vwdwh uhvrqdqfhv
revhuyhg lq Ilj1 6 lv frqvlvwhqw zlwk d judgxdo fkdqjh
lq wkh uhodwlyh glvsodfhphqw ri wkh wzr vhwv ri sduderodv1
Iurp wklv zh djdlq frqfoxgh wkdw wkh lqvwdelolw| ri wkh
PGG lv dffrpsdqlhg zlwk d uhglvwulexwlrq ri fkdujh1
Zh wkdqn J1 Edxhu/ V1 Furqhqzhww/ P1 Gdqrhvdvwur/
P1 Ghyruhw/ O1 Jod}pdq/ U1 ydq ghu Kdjh/ M1 Prrlm/ \x1
Qd}dury/ dqg V1M1 Wdqv iru h{shulphqwdo khos dqg glvfxv0
vlrqv1 Wkh zrun zdv vxssruwhg e| wkh Gxwfk Irxqgdwlrq
iru Ixqgdphqwdo Uhvhdufk rq Pdwwhu +IRP,1
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T.H. Oosterkamp et al.
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